We flew a survey of southern Ellesmere Island, Graham Island, and Buckingham Island in March 2015 to obtain estimates of abundance for muskoxen and Peary caribou. Generally, muskoxen were abundant north of the Sydkap Ice Cap along Baumann Fiord, north of Goose Fiord, west and north of Muskox Fiord, and on the coastal plains and river valleys east of Vendom Fiord. Although few, they were also present on Bjorne Peninsula and the south coast between the Sydkap Ice Cap and Jakeman Glacier. We observed a total of 1146 muskoxen. Calves (approximately 10-months old) made up 22% of the observed animals. The population estimate was 3200 ± 602 SE (standard error) muskoxen, the highest muskox population size ever estimated for southern Ellesmere, Graham and Buckingham islands. This could be because previous efforts typically surveyed only a portion of our area or focused elsewhere, or the results were provided only as minimum counts rather than estimates of abundance. Regardless, our results indicate that the muskox population has recovered from low levels in 2005 of 312-670 (95% confidence interval [CI]) individuals. Peary caribou abundance appears to be low. We only saw 38 Peary caribou during our 2015 survey. This confounds appraisal of possible abundance change since 2005, when 109-442 caribou (95% CI) were estimated to inhabit the same surveyed area. We estimated 183 ± 128 SE Peary caribou, and suggest that their numbers are likely stable at low density on southern Ellesmere Island.
Introduction
Peary caribou (Rangifer tarandus pearyi) are found only in the Canadian Arctic Archipelago in the Northwest Territories and Nunavut, from the Boothia Peninsula in the south to Ellesmere Island in the north. Peary caribou are currently listed as Endangered under Canada's Species at Risk Act, although recently reassessed by the Committee on the Status of Endangered Wildlife in Canada as threatened (COSEWIC, 2015) . Monitoring of Peary cari-bou, including both local knowledge and scientific investigation, is a challenge across their range due to logistic and funding constraints, severe weather, limited observation seasons, and long distances from a few small communities. Surveys of Peary caribou, and muskoxen (Ovibos moschatus), with which they are sympatric over most of their range, have been infrequent and irregular since 1961, especially in the northern and eastern arctic (COSEWIC, 2015) . Local knowledge of population trends and abundance is available for areas visited by hunters, typically near communities, but this knowledge is limited or unavailable in areas of rugged topography and unstable sea ice. The most recent surveys on Ellesmere Island for population estimates and distribution of muskoxen and Peary caribou were in 2005 and 2006 (Jenkins et al., 2011) , although a partial survey was flown in 2014 and not completed, due to weather. The 2005 survey estimated 456 muskoxen (95% CI=312-670) and 219 Peary caribou (95% CI=109-244), and noted poor body condition of many muskoxen (Campbell, 2006; Jenkins et al., 2011) . Residents of Grise Fiord recall that in the fall and winter 2005 there was freezing rain and ground-fast ice, which may have resulted in many muskoxen starving (Iviq Hunters and Trappers Association, pers. comm.) .
The muskoxen and Peary caribou of northern Devon Island, southern Ellesmere Island, and Graham Island are essential natural resources for the Grise Fiord community. Muskoxen have been an important food source since the government hunting ban was lifted in 1969. Muskox tags are currently set aside for domestic/commercial and sport harvest, administered by the Hunters and Trappers Association (HTA). Peary caribou have been continuously hunted since Grise Fiord was established in 1953, although the community did impose voluntary restrictions on harvest areas when caribou populations were low. Primary areas frequented by hunters since at least 1964 include the Bjorne Peninsula, south shore of Baumann Fiord, and Graham Island (Riewe 1973, Inuit Qaujimajatuqangit [IQ] in Taylor 2005, Iviq HTA pers. comm.) . Local knowledge suggests that petroleum exploration in the 1970s had a negative impact on the Peary caribou by altering their range use and movements, and there is concern that future industrial activity would also be detrimental (Iviq HTA, pers. comm.) .
In March 2015, using the 2005 survey area, we conducted an aerial fixed-wing survey to update population estimates, distributions and demographics of the muskoxen and Peary caribou on southern Ellesmere Island, Graham Island, and Buckingham Island. Our results suggest abundance trends for these species and introduce a method to determine variance for strip transect surveys of low density species.
Material and methods
From March 19-26, 2015, we completed an aerial systematic strip transect survey for muskoxen and Peary caribou over a study area including Graham Island, Buckingham Island, and Ellesmere Island approximately 76°N to 78°N and 81°W to 90°W (Figure 1 ). The survey season was selected to allow us to assess recruitment as well as determine abundance, to avoid disturbing wildlife immediately precalving or when newborn calves are present, to minimize chances of animals moving among transects during migration or high movement seasons, and to have adequate snow cover and daylight to maximize detection. The total area, which included lakes and rivers but excluded ice-caps, was approximately 22,791 km 2 . We used 77 systematic survey lines along parallels of latitude spaced 5 km apart. Survey strips were 500 m wide to each side of the aircraft for a total strip width of 1 km. Distance sampling was not used, because we did not expect sufficient caribou observations to calculate the effective strip width required for that sampling technique.
The area south of Jakeman Glacier to King Edward Point was originally included in the survey area but could not be flown due to weather; it was not flown in 2005 either. Ice caps were excluded from our survey, and we did not detect any caribou, muskoxen, or their tracks during ferry flights over ice caps. Although North Kent Island was not surveyed in 2005 and no muskoxen or caribou were observed during a 2008 survey (Jenkins et al., 2011) , hunters reported caribou at the north end of the island in the recent past, so we gave this island a reconnaissance (albeit no systematic transects) in 2015.
To define the transect width for observers, we marked survey aircraft wing struts following Norton-Griffiths (1978) . We did not stratify the study area, because stratification relevant for muskoxen could be irrelevant for Peary caribou, as they may have dissimilar distribution densities. Stratifications from the 2005 survey did not align well with reconnaissance and current local knowledge of distribution, and the 2005 survey only stratified based on Peary caribou density. It was uncertain whether older surveys reflected current distribution, or how well the stratification they employed captured the distribution of muskox and caribou density. Furthermore, funding and logistic constraints make pre-survey stratification flights impractical for the study area.
Transects were flown at 150 km/hr (81 kts) with a DeHavilland Twin Otter fixed-wing aircraft. We flew only on days with good visibility and high contrast to facilitate detection of animals, tracks, and feeding craters, as well as for operational reasons to ensure crew safety. Flight height was set at 152 m (500'), using a radar altimeter, and adhered to as closely as possible given the rugged terrain. Several local hunters experienced in caribou and muskox surveys were trained and employed as observers. For each survey flight, there were four observers (two front and two rear on each side of the aircraft) and additionally a data recorder/navigator. The observers followed a co-operative double-observer platform protocol, which has been successful elsewhere in Nunavut (Campbell et al., 2012; Anderson, 2014) . Paired front and rear observers communicated via intercom and consolidated their observations into one pool. On those occasions when a fourth observer was unavailable, the data recorder/navigator also served as an observer. Animal observations and lines flown were recorded using handheld Garmin 62STC GPS (Global Positioning System) units. Since we limited disturbance to one flight pass, sex and age classification were normally not possible, however, classification as adult or calf (approximate age 10-months) was often feasible owing to size differences. Given the March timing of this survey, newborn muskoxen and caribou were not present -animals classified as calves during this survey refer to approximately 10-month old calves.
Analysis
Post-survey stratification Although the survey was completed without stratification for probable high and low animal densities, we did apply several post-survey stratifications to investigate the impact of different stratification regimes on the final estimate, which may aid in future survey planning. Post-survey stratifications were generally based on separating or clumping some or all of the three surveyed islands. Elevations and treating the Bjorne Peninsula separately were also considered ( Figure 2 , Table 1 ). Finally, to permit comparison with a July 1989 survey, postsurvey stratification followed Case & Ellsworth (1991) . The 2005 survey was flown with a flexible stratification regime, tightening transects to 2.5 km apart when Peary caribou were encountered, which did not address muskox distribution, so we did not attempt to replicate the 2005 stratification.
Owing to this study's systematic transect lines, and the distribution of animals in distinct patches of suitable habitat between mountains, ice sheets, and coastlines, we expected our muskox and caribou observations to be patchily distributed and serially correlated. Although Jolly's (1969) Method II is widely used for population estimates from surveys, it is intended for a simple random design, rather than our systematic survey of a patchy population. For systematic samples from serially correlated populations, estimates of uncertainty based on deviations from the sample mean are expected to be upwardly biased and influenced by the degree of serial correlation; high serial correlation implies that there is less random variation in the unsurveyed sections between systematically spaced transects than if serial correlation were low (Cochran, 1977) . Calculating uncertainty based on nearest-neighbor differences incorporates serial correlation, and the upward bias in the uncertainty is expected to be less than if it were calculated based on deviations from the sample mean. Nearest-neighbordifference methods have been used previously to calculate variance around survey estimates on the unweighted ratio estimate (Kingsley & Smith, 1981; Stirling et al., 1982; Kingsley et al., 1985) .
The model for observations on a transect survey following Cochran (1977) is:
Where y i is the number of observations on transect i of area z i , R is the mean density and error terms ε i are independently and identically distributed. In this model, the variance of the error term is proportional to the area surveyed. The best estimate of the mean density R̂ is:
The error sum of squares, based on deviations from the sample mean, is given by:
The finite-population-corrected error variance of R̂ is:
Where f is the sampling fraction and n is the number of transects. Lines flown on the same latitude were combined as a transect for analysis, a total of 39 transects on Ellesmere Island and 10 transects on Graham and Buckingham islands. This reduced n, the total number of transects, but also meant that short segments between icefields and across peninsulas were not considered separately as a complete transect. The sampling fraction also provides the scaling factor for moving from a ratio (population density) to a population estimate. It is calculated as (( ∑z i )) ⁄ Z, where Z is the study area. The irregular study area boundaries mean that f varies from the 20% sampling fraction indicated by the 1-km survey strip and 5-km transect spacing.
To incorporate serial correlation in the variance, we used a nearest-neighbor-difference calculation, with the error sum of squares given Rangifer, 37, (1) 2017 by:
i.e. the sum of squared deviations from pairwise weighted mean densities. The nearest-neighbor-difference error variance of R̂ is:
Both variance calculations were applied to several stratification regimes for the southern Ellesmere Island survey data. For the final estimate, we used the unstratified (Ellesmere plus Graham and Buckingham islands) estimate and the nearest-neighbor-difference variance. All distance measurements used North Pole Azimuthal Equidistant projection and areadependent work used North Pole Lambert Azimuthal Equal Area, with central meridian at 85°W and latitude of origin at 76°N (centered over the study area for high precision) in Arc-GIS 10.1 (ESRI, Redlands, CA).
Population growth rates were calculated following the exponential growth function, which approximates growth when populations are not limited by resources or competition (Johnson 1996) : N t =N 0 e rt and λ= e r where N t is the population size at time t and N 0 is the initial population size (taken here as the previous survey in 2005). The instantaneous rate of change is r, which is also represented as a constant ratio of population sizes, λ. When r >0 or λ >1, the population is increasing; when r <0 or λ <1 the population is decreasing. Values of r ~0 or λ ~1 suggest a stable population.
Results
The survey took 49.5 flight hours (35.6 hours on transect) and we completed 73 of the intended 77 systematic transect lines, for a total combined survey line distance of 4,521 km ( Figure 3 ). Given strip width was 1 km and total study area 22,791 km 2 , our survey coverage was 19.8% of the total area. We were unable to fly on March 22 due to low cloud, but otherwise conditions were good with <10% cloud cover, no blowing snow, and complete snow cover, except where it was blown clear from ridges or did not accumulate in cliffy terrain. We saw 636 muskoxen and 36 Peary caribou on the systematic transect lines (Figure 2) . The spatial data presented are waypoints along the flight path, so groups that were observed on transect were within 500 m of the waypoint and groups off transect were >500 m from the waypoint. A further 510 muskoxen and 2 caribou were observed off transect (> 500 m from the aircraft) for a total of 1146 muskoxen and 38 Peary caribou. Some off-transect muskox observations were more than 2 km away. Average group size was 8.9-12.1 (95% CI) for muskoxen, and 2.6-6.9 (95% CI) for Peary caribou. No muskoxen, Peary caribou or their tracks were observed during the reconnaissance of North Kent Island.
Abundance estimates
For southern Ellesmere Island, Graham Island, and Buckingham Island, our non-stratified survey resulted in a muskox abundance estimate of 3200 ± 602 SE, with a Coefficient of Variation (CV) of 19% ( Table 2 ). The Peary caribou estimate was 183 ± 128 SE (CV=70%; Table 3 ). The use of nearest-neighbour-difference analysis had a positive effect, lowering the variance and CV of the final population estimates (Tables 1, 2). Caution should be exercised when interpreting the Peary caribou population size estimate, because few caribou (n=36) were actually seen.
Late winter calf percentage In March 2015 it was possible to age classify 101 groups of muskoxen, which included 289 adults and 64 calves (approximate age 10-months). This was a late-winter calf percentage of 22.1% for muskoxen. Only four caribou groups were classified, and included eight adults and one calf (approximate age 10-months), which is not sufficient to determine a late winter Peary caribou calf percentage.
Group size
Muskox group size averaged 8.9-12.1 muskoxen (95% CI, n=106, median=8). Caribou groups were smaller, 2.6-6.9 caribou (95% CI), but only eight groups were seen.
Discussion

Muskox abundance trends
Previous surveys of southern Ellesmere Island have used different survey aircraft, methodologies, and survey areas. The disparate methodologies and survey areas complicate any comparison of the estimates obtained, especially to determine long-term population trends for muskoxen and Peary caribou in the southern Ellesmere Island area. However, a review of past survey results is still warranted and large changes in density are still be apparent (Table  4) . Although some previous surveys also used strip transects, our nearest neighbor difference variance reduced CV and SE, particularly useful when variance is expected to be high, as in surveys with relatively few observations for low density populations, or where reducing variance through effective stratification may not be possible due to logistics or lack of information.
In 2005, southern Ellesmere Island from Vendom Fiord south, the same area in this survey, was flown with an adaptive sampling technique, with east-west transects spaced 5 km apart, tightened to 2.5 km where caribou or caribou sign was detected (Jenkins et al., 2011) . In addition to the very low proportion of 10-month old muskox calves in the population (2%), observers reported 40 muskox carcasses and 2 adult muskoxen near death (Campbell, 2006; Jenkins et al., 2011 ing uncertainty in the estimates have not been undertaken, but the large uncertainty in both estimates would likely still make trend determination tenuous. However, the pattern observed by hunters in Grise Fiord over several decades seems to suggest a persistent, relatively stable, low abundance of Peary caribou in the study area.
The abundance estimate from this survey suggests that the south Ellesmere, Graham, and Buckingham island area currently supports approximately 1.3% of the estimated global Peary caribou population of 13,200 adults (COSEWIC, 2015) . The study area is part of the Eastern Queen Elizabeth Islands group of Peary caribou, an island group which accounts for about a quarter of the global Peary caribou population (COSEWIC, 2015) .
Distribution -muskox
In the past, concentrations of muskoxen have occurred along Baumann Fiord, Sor and Stenkul Fiords, the flat plain along Vendom Fiord, north of Muskox Fiord and along Norwegian Bay, and at Fram Fiord (Iviq HTA, pers. comm.; Tener, 1963; Riewe, 1973; Case & Ellsworth, 1991; Jenkins et al., 2011) . During the 2015 survey, muskoxen were also observed in these areas. The situation was similar on previous survey attempts in April and August 2014 for the areas covered by those surveys (Government of Nunavut, unpubl. data). The most notable change in distribution was the relative lack of muskoxen on Graham and Buckingham islands in 2015 as compared to the most recent 2005 survey by Jenkins et al. (2011) . In contrast to 2005, when three groups totaling 12 muskoxen were observed, in 2015 we saw only two groups (Table 4) .
Observations were too few for conclusions about Peary caribou calf percentages.
Group sizes: muskoxen & Peary caribou
Muskox groups are largest early in the spring and smaller as summer progresses (Freeman, 1971; Gray, 1973) , with winter groups (including April and May) about 1.7 times larger than summer groups (range 1.2-2.3 times larger, based on typical group size where G i is size of the i th group; Heard, 1992) . Heard (1992) noted that muskox group size is not generally related to their density. However, the muskox group size in May 2005, which averaged 2.7 muskoxen (2.4-3.0, 95% CI), was much smaller than group sizes encountered in April 2014 and March 2015 , or previously in 1966 Freeman, 1971) . One possible explanation may be that the severe 2005 ground-fast ice event and subsequent dieoff fragmented the groups and normal group structure was not observed during the 2005 survey.
Ferguson (1991) suggested that caribou groups are largest in August and smaller in late winter. Fischer & Duncan (1976) noted that groups across the Arctic islands averaged 4.0 caribou in late winter, 2.8 caribou in early totaling three muskoxen. Part of this discrepancy is explained by the adaptive sampling protocol used in 2005; transects were flown 2.5 km apart on Graham and Buckingham islands in 2005 and 5 km apart in 2015. Riewe (1973) noted some caribou on Graham Island, between Sor and Stenkul fiords, and on the Bjorne Peninsula. Case & Ellsworth (1991) described caribou observations as scattered across the study area, but in 2005 there were some obvious areas of higher density on Graham and Buckingham islands, northern Bjorne Peninsula, and southeast of Okse Bay (Jenkins et al., 2011) . In 2014 and 2015, we saw caribou in the same areas, as well as a group on northern Vendom Fiord. We did not detect any caribou along the south coast of Ellesmere Island, although in the 1950s and 1960s they were found in the area of Craig Harbour, Fram Fiord, and King Edward Point, and occasionally seen there into the 1990s (IQ in Taylor, 2005) . We only saw one set of tracks south of Piliravijuk Bay, although caribou have been found there previously (IQ in Taylor, 2005; Iviq HTA pers. comm.) . Grise Fiord residents were also surprised that we did not see caribou at the head of Goose Fiord or Muskox Fiord, since they usually occur there. Similar to the muskoxen, there was a scarcity of caribou on Graham and Buckingham islands in 2015 when only two groups totaling ten caribou were seen, versus the 18 groups totaling 50 animals in 2005. Again the difference may be partially explained by the adaptive sampling protocol used in 2005. Further, it is well known that caribou move between islands in regular seasonal movements or when conditions force them (Miller, 2002; Miller et al., 2005; IQ in Taylor, 2005) , and they do move between Graham Island and the Bjorne Peninsula (IQ in Taylor, 2005 ; Iviq HTA, pers. comm.). summer, and 8.8 caribou in mid-summer. The scarcity of observations during any of the survey attempts makes it difficult to evaluate any seasonal effect of group size for Peary caribou. Still, our average group size of 2.6-6.9 caribou (95% CI) is similar to the late winter group sizes encountered by Fischer & Duncan (1976) .
Distribution -Peary caribou
Management implications
The survey conducted by Case & Ellsworth (1991) in July 1989 was in response to observations by Grise Fiord residents of declining caribou populations and increasing muskox populations, and a similar dynamic may be manifesting in the south Ellesmere Island area today. Although there was a crash in muskox abundance in the early 2000s, the muskox population has increased over the last decade. The Peary caribou population has not followed the same trajectory. An inverse relationship between caribou and muskox abundance is widely accepted by many communities where Peary caribou and muskoxen are sympatric (Iviq HTA and Resolute Bay HTA, per. comm.; IQ in Taylor, 2005) . However, a mechanism explaining this pattern remains elusive and elsewhere both species coexist at relatively high densities, e.g., on Bathurst and Melville islands (Davison & Williams, 2012; Anderson, 2014) .
In September 2015, the Government of Nunavut updated wildlife regulations and, working with co-management partners, removed the quota on muskoxen in Muskox Management Unit MX-01, Ellesmere Island, increasing harvest opportunities. Whether lifting harvest restrictions will reduce muskox abundance remains to be seen, since to date harvest has been light and limited to areas accessible from Grise Fiord (Anderson, 2017) .
Peary caribou are currently listed as Endangered under the Canadian Species at Risk Act, and a Recovery Strategy is in develop-
